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Abstract

The soybean aphid, Aphis glycines Matsumura, an exotic species in North America that has been detected in 21

U.S. states and Canada, is a major pest for soybean that can reduce maximum photosynthetic capacity and

yields. Our existing knowledge is based on relatively few studies that do not span a wide variety of environmen-

tal conditions, and often focus on relatively high and damaging population pressure. We examined the effects

of varied populations and duration of soybean aphids on soybean photosynthetic rates and yield in two experi-

ments. In a 2011 field study, we found that plants with low cumulative aphid days (CAD, less than 2,300) had

higher yields than plants not experiencing significant aphid pressure, suggesting a compensatory growth re-

sponse to low aphid pressure. This response did not hold at higher CAD, and yields declined. In a 2013 con-

trolled-environment greenhouse study, soybean plants were well-watered and fertilized with nitrogen (N), and

aphid populations were manipulated to reach moderate to high levels (8,000–50,000 CAD). Plants tolerated

these population levels when aphids were introduced during the vegetative or reproductive phenological stages

of the plant, showing no significant reduction in yield. Leaf N concentration and CAD were positively and

significantly correlated with increasing ambient photosynthetic rates. Our findings suggest that, given the right

environmental conditions, modern soybean plants can withstand higher aphid pressure than previously

assumed. Moreover, soybean plants also responded positively through a compensatory photosynthetic effect

to moderate population pressure, contributing to stable or increased yield.

Key words: plant–insect interaction, photosynthesis, yield, leaf gas exchange, host plant resistance

The soybean aphid (Aphis glycines Matsumura) is the key pest of

soybean (Glycine max L.) in North America and the first to consist-

ently cause soybean yield loss (Ragsdale et al. 2004, Hartman et al.

2011). Outbreaks of soybean aphids in North America can reduce

plant height, pods per plant, seeds per pod, individual seed weight,

photosynthetic rates, and, subsequently, yields (Macedo et al. 2003,

Ragsdale et al. 2007, Beckendorf et al. 2008). Currently, it is widely

accepted that a regimen of insecticide treatments is necessary when

soybean aphid populations reach 250 individuals per plant and are

expected to increase (McCarville et al. 2011). This management re-

sponse is consistent with Ragsdale et al. (2007), who reported an

average economic threshold of 273 aphids per plant, and described

a linear 6.9 percent yield reduction for every 10,000 cumulative

aphid days (CAD). Other studies have shown that the negative ef-

fects of soybean aphid feeding occur at levels other than 250 aphids

plant-1, or not at all (Riedell and Catangui 2006). Furthermore, soy-

bean plants are reported to be most susceptible to soybean aphids

that establish in the vegetative stages through reduction of seedpod

formation (Rhainds et al. 2007, Beckendorf et al. 2008). While the

consensus of previous research is that high soybean aphid pressure

generally leads to yield reductions, actual yield losses are manifested

through the timing of introduction, aphid density, and environmen-

tal conditions (e.g., weather and soil water and nutrients), all of

which contribute to plant physiological response.

Currently, there is an incomplete understanding of how soybean

aphids affect plant physiology under widely varying environmental

conditions and a wide range of CAD, which makes it difficult to as-

certain the mechanisms that contribute to yield loss, or, alterna-

tively, to soybean growth tolerance to aphid pressure (Pierson et al.

2011). Understanding plant physiological response is key in global
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change studies because ecological modeling tools that adopt a semi-

mechanistic approach to simulating plant photosynthesis and re-

sponse to environmental drivers (Kucharik 2003) need to account

for feedbacks between pest pressure and plant physiological re-

sponses when applied across larger spatial scales.

Two previous studies have shown that there can be reductions in

soybean photosynthetic capacity with soybean aphid feeding

(Macedo et al. 2003, Pierson et al. 2011). Macedo et al. (2003) re-

ported a 50 percent reduction in photosynthetic capacity with low

(20 per leaflet) aphid densities on plants, but no change in photo-

electron transport. However, they only measured gas exchange on a

single day in late August two months after planting, and did not re-

port other environmental variables during the experiment, such as

leaf temperature, leaf percent nitrogen (N), or available soil mois-

ture, although these are presumed to have been consistent among

their plants given the experimental design. Pierson et al. (2011) col-

lected leaf gas exchange data across four soybean genotypes and

identified one genotype (Asgrow 2703) that exhibited significant re-

ductions in photosynthetic capacity at 29 days after aphid introduc-

tion based on typical photosynthetic CO2 (A-Ci) response curves.

Other research suggests that crops such as wheat and soybean

can have physiological and growth tolerance to aphids (Haile et al.

1999; Pierson et al. 2010, 2011; Prochaska et al. 2013), potentially

through compensatory effects attributed to responding to herbivory

(Nowak and Caldwell 1984, Trumble et al. 1993). Furthermore,

there are several soybean cultivars that have reported moderate tol-

erance to soybean aphids (Pierson et al. 2010, 2011), whereby the

yield loss was lower than expected based on the previous work of

Ragsdale et al. (2007). In addition, soybean plant resistance is con-

nected to Rag1 (Kim and Diers 2009) and Rag2 (Mian et al. 2008)

genes in the soybean germplasm, whereby cultivars reduce aphid de-

velopment without negatively impacting yield. While reductions in

soybean yield at high aphid populations (>10,000 CAD) have been

shown consistently across multiple studies in cultivars that do not

have Rag1 or Rag2 genes (Ragsdale et al. 2007, Rhainds et al. 2007,

Beckendorf et al. 2008), there are fewer studies on the effects of

low-to-moderate (<10,000 CAD) soybean aphid populations, or

under nonstressed growing conditions such as plentiful water and

N, on soybean yield. For example, Liere et al. (2015) observed a

positive relationship between soybean aphid abundance and yield at

low pest densities (<100 aphids per plant), suggesting some degree

of overcompensation. Furthermore, a study of N isotope fraction-

ation in green peach aphid herbivore-host plant systems (Brassica

oleracea var. capitata and Arabidopsis served as the host plants) sug-

gested that plant responses to aphids could be partially controlled

by N cycling and N availability (Wilson et al. 2011).

To further explore the impacts of aphid pressures on soybean

yields and photosynthetic activity across a variety of environmental

conditions, we conducted a field study in 2011 in southern

Wisconsin and a greenhouse study in 2013. We studied the effects of

differing aphid pressure, measured in CAD, and the impacts of plen-

tiful water and N on soybean yield and photosynthetic rates in culti-

vars that do not have a known soybean aphid resistance. Our

research addressed the following questions: 1) What is the overall re-

lationship between soybean aphids and soybean yield and photosyn-

thesis for a wide range of CAD? 2) Is there evidence for soybean

compensatory growth response when experiencing low-to-moderate

aphid pressure (<10,000 CAD)? 3) Are soybean plants able to toler-

ate increased aphid pressure when experiencing increased delivery of

water and N? 4) Does the timing of aphid introduction (vegetative

vs. reproductive stage) significantly impact soybean yields and

photosynthetic rates?

Materials and Methods

Study System
This study was conducted in a soybean field in southern Wisconsin

during July and August in 2011 and in an environmentally con-

trolled greenhouse during June-August in 2013. Soybean plants

were subjected to varying levels of pest pressure through the intro-

duction of soybean aphids. Soybean aphids, native to Asia, were first

detected in Wisconsin in 2000 and have since been found in 21 U.S.

states and Canada (Venette and Ragsdale 2004). The soybean aphid

is heteroecious holocyclic, meaning that it alternates between a pri-

mary and secondary host, and reproduces both sexually and asexu-

ally at different points during the growing season. With reduced

photoperiod and temperature near the end of the growing season in

temperate regions, winged females (gynoparae) travel to common

buckthorn (Rhamnus cathartica L.), its primary (and overwintering)

host. In the spring, winged soybean aphids move to the secondary

host, the soybean (Ragsdale et al. 2004).

Soybean aphid populations can double in as little as 3 d in the

field, leading to severe plant damage in a brief time (Ragsdale et al.

2007). Soybean aphid feeding results in excreted honeydew, which

builds up and promotes sooty mold growth on leaves, further reduc-

ing photosynthesis (Peterson and Higley 1993). In addition, soybean

aphids can indirectly reduce yields by acting as a vector for plant dis-

eases such as the soybean, cucumber, and alfalfa mosaic virus (Clark

and Perry 2002, Davis et al. 2005).

In 2011, a paired study (i.e., soybean grown inside and outside

of insect exclusion cages) was designed to quantify the relationships

between CAD and soybean yield, harvest index, and leaf photosyn-

thesis under typical field conditions. In 2013, a greenhouse experi-

ment introduced soybean aphids at variable aphid densities onto

plants under low water and N stress conditions at two different

growth stages (V2 and R0) to create a gradient in soybean growth

and yield. These phenological stages of soybean—vegetative stage

V2 (two sets of unfolded trifoliate leaves) and reproductive stage R0

(beginning flowering)—correspond to periods when aphids typically

start to build in significant numbers, resulting in plant photosyn-

thetic and yield responses (Fehr et al. 1971).

2011 Field Experiment
Field measurements were performed at the University of Wisconsin-

Madison’s Arlington Agricultural Research Station (Arlington, WI,

43.33� N, 89.33� W). Soils at this site are classified as Plano silt

loams (fine-silty, mixed, superactive, mesic typic Argiudolls), which

are highly productive soils formed under the former Empire Prairie

and part of the North American Prairie-Savanna ecotone before it

was converted to agricultural land use in the mid-1800s. For 1981-

2010, mean annual air temperature was 6.8�C and mean annual pre-

cipitation was 869 mm. The region typically receives 324 mm of pre-

cipitation during summer (June-August), with an average air

temperature of 17.5�C (NOAA 2011). The average air temperature

during the summer of 2011 was significantly above (þ3.2�C) the cli-

matological average, and only 43 percent of normal summer precipi-

tation was received. August of 2011 (38.4 mm) was a particularly

dry period and contributed to extensive water stress in the region.

The growing degree days (base 10�C) accumulated in 2011 were

1299�C, which was slightly higher than the long-term (1981–2010)

average of 1260�C.

The paired cage/noncaged experiment was established on 12

May 2011 on a 1.6-ha field that was chisel-plowed and cultivated

before planting. The field received 39 kg ha�1 N, 44 kg ha�1 phos-

phorus, and 120 kg ha�1 potassium from manure applied after
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harvest in fall 2010. No organic or inorganic fertilizer was applied

in 2011, and irrigation was not used. Untreated soybean variety

‘Dairyland 2011RR’ (Dairyland Seed, West Bend, WI) was planted

on 31 May 2011 at a rate of 72.8 kg seed ha�1 (65 lbs acre�1) and a

depth of 3.8 cm (1.5 in) with 19-cm (7.5-in) row spacing. Plants

were sprayed on July 7 with RoundupVR PowerMAX (Monsanto, St.

Louis, MO) at a rate of 1.75 liters ha�1 (24 oz acre�1).

Insect cages (Lumite Inc., Alto, GA) with dimensions of 2 by 2

by 2 m (length�width�height) and a 32�32 mesh size (0.5 by

0.5 mm) were used to maintain control over aphid populations and

to exclude the influence of aphid natural enemies. Twelve insect

cages were erected on 13 June 2011 when soybean plants were at de-

velopment stage V0, and remained in place until harvest occurred.

Insect cages were positioned in two parallel rows of six cages each,

approximately 6 m apart, with individual cages spaced 3 m apart.

During installation, soil was tilled around the perimeter of insect

cages to allow mesh material to be buried approximately 30 cm

belowground, which served as a physical barrier to outside plant en-

croachment and for added cage stability. Mowing of weeds to a

height of approximately 10 cm around insect cages took place in

early August, and weeds were periodically hand-pulled from around

the perimeter of each cage plot and within the cages as needed.

Twelve additional 2-by 2-m open-air study plots were established in

an adjacent part of the experimental field with the same

arrangement.

2011 Aphid Populations
Open and caged study plots were used to examine the impact of var-

ied soybean aphid densities, measured as CAD (Ragsdale et al.

2007), on plant growth, photosynthesis, and yield. We targeted the

establishment and maintenance of four different categories of daily

aphid populations on soybean plants, replicated among three caged

plots and three noncaged plots: an aphid-free control group, and

low (<50 aphids per plant), medium (between 50–100 aphids per

plant), and high population (greater than 100 aphids per plant)

densities. Aphids were introduced onto plants on July 5, when plants

were in the V4 stage. Soybean leaflets containing soybean aphids

were destructively sampled from the field surrounding the study

area. Then, 4 leaflets were placed in low treatment plots, 10 leaflets

in medium treatments, and 30–60 in high treatments. Weekly, from

July 5 through September 9, aphid counts were made by visually in-

specting 10 full plants per plot to determine CAD in each plot.

Occasionally, if aphid populations were higher than targeted in

caged plots, lady beetles were placed in cages and the cage screen

openings were unzipped for a period to allow an ambient level of

natural enemies to gradually decrease the aphid population. By add-

ing lady beetles and temporarily opening up cages to allow for nat-

ural suppression of aphid populations by ambient predators, it is

possible that changes in aphid feeding behavior (in addition to dens-

ity) may also have been momentarily affected, resulting in less feed-

ing pressure than would be indicated by density alone (Nelson

2007). Thus, CADs in high treatments may be a slight overesti-

mation of actual feeding pressure on soybean. CAD were calculated

following Ruppel (1983). Open plots attained a range of CAD from

approximately 300 to 5,000 (Table 1). Caged plots experienced two

clusters of CAD, from 1,300 to 8,000 and greater than 120,000

(Table 1, Fig. 1) .

2013 Greenhouse Experiment
In 2013, we conducted an experiment to manipulate populations of

soybean aphids to attain a continuum of CAD values (0–50,000)

that were partially absent during the 2011 experiment; in particular,

from 8,000 to 50,000 CAD. This experiment was conducted from

May 28 to August 29 in a 3- by 4-m corner greenhouse room at-

tached to the Biotron, a research glasshouse with temperature-regu-

lated rooms located on the University of Wisconsin-Madison

campus. The average daily temperature in the greenhouse was 24�C,

with a typical summer range from 17�C to 37�C. Plants received am-

bient light in the greenhouse as well as supplemental light from

high-powered sodium lamps with a 16:8 (L:D) h photoperiod.

Lamps were in power-saving mode and were only in operation when

light sensor readings fell below 5V (approximately 50 percent of full

sunlight). Renk 241NR2 (Renk Seeds, Sun Prairie, WI) untreated

seeds were inoculated with Bradyrhizobium japonicum and planted

on May 27. Seeds were planted in 6-liter black plastic pots using

Metromix 300, a soilless potting medium consisting of vermiculite,

bark, Canadian sphagnum peat moss, coarse perlite, bark ash,

starter nutrient charge (with gypsum), slow-release N, and dolomitic

limestone (Sun Gro Horticulture, Agawam, MA). Three seeds were

planted in each of 24 pots on May 28, and thinned to the healthiest

visible plant on June 21, when plants were in the development stage

V2. Plants were arbitrarily repositioned once per week on three

tables running the length of the room. Each table was covered with

black landscape plastic to ensure that air conditioning vents at the

bottom of the room did not cause an uneven airflow and tempera-

ture to plants. Plants were watered on alternating days with 0.5 liter

of half-strength Hoagland solution until July 15, when they were

watered with 1 liter of half-strength Hoagland solution to account

for an increase in water loss attributed to increasing

evapotranspiration.

2013 Aphid Manipulation
We allocated soybean plants to two treatments (12 plants each) and

introduced soybean aphids (mixture of field-collected and 1-yr-old

laboratory colony) either during V2 growth (two fully expanded

true trifoliates) or R0 (first flowers) phenological stages to test for

differing responses of soybean plants that were initially populated

during the vegetative and reproductive stages. Soybean plants were

infested at V2 to simulate how an early season arrival of soybean

aphids and prolonged exposure would affect plants, and R0 was

chosen to simulate a later arrival of soybean aphids during the early

reproductive stage. Because CAD can be allocated in many different

ways and arrive at the same value (e.g., 10 d with 500 aphids per

plant and 50 d with 100 aphids per plant both equal 5000 CAD), we

used a numerical modeling approach to determine realistic daily

population trajectories for our greenhouse soybean plants. This

ensured that with careful aphid counting and physical manipulation

of aphid populations, we would attain desired CAD values as well

as mimic the CAD trajectories that are generally found in natural

settings. Daily aphid population targets were determined using the

following equation:

Nt ¼ N0ermaxtð1�ð1=2ÞatÞ

where Nt is the aphid population at time t (aphids/plant), No is the

initial number of aphids per plant, t is time (days), rmax is the intrin-

sic rate of increase in aphids (aphids/aphid/day) at time¼0, and a is

the slope of the linear relationship between the rate of growth and

time (Costamagna et al. 2007). This model uses a decreasing rate of

growth to best model aphid populations on soybean over the grow-

ing season. A range of end-of-season CAD were targeted for each

treatment type (V2 and R0) with three replications of each: 0 CAD

for control, 5,000 CAD for low, 8,000 CAD for medium, and
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14,000 for high. Aphids were recorded on each full plant three times

per week, with aphids added or removed as needed to bring popula-

tions to target levels. Aphids were randomly chosen from colony

plants to be added to experimental plants; however, fully developed

and reproducing aphids were targeted for removal from experimen-

tal plants to better regulate the population.

Leaf Gas Exchange Measurements and Plant Harvest
In both experiments, leaf gas exchange (photosynthesis) measure-

ments were collected using a LI-6400XT portable photosynthesis

system (LI-COR Inc., Lincoln, NE) coupled with a standard LED

light (red/blue) source (model #6400-02B) and CO2 injection sys-

tem. Assimilation (A) versus internal CO2 concentration (Ci), other-

wise known as CO2 or A-Ci response curves, and light response

curves were performed on two upper-canopy, fully expanded trifoli-

ate leaves for each plant or plot to ensure similar leaf age for the

duration of the experiment. For A-Ci response curves, plants were

illuminated with 2,000mmol quanta m�2 s�1 while CO2 concentra-

tion inside the leaf chamber ranged from 0mmol CO2 mol�1 to

1,000mmol CO2 mol�1. We stabilized at a reference of 400mmol

CO2 mol�1 and followed standard practice (Bernacchi et al. 2013)

decreasing CO2 to our minimum, followed by a return to 400mmol

CO2 mol�1 before increasing to our maximum value of 1,000mmol

CO2 mol�1. For light response curves, chamber CO2 concentration

remained constant at 400mmol CO2 mol�1 and light intensity was

decreased from 2,000 to 0mmol quanta m�2 s�1. All gas exchange

measurements were collected between 09:00 and 17:00 local time.

In 2011, gas exchange measurements were collected approximately

weekly from August 2 through September 7 at leaf temperatures

around 25�C. At the time of these gas exchange measurements in

2011, three replicates of 0-6 cm depth volumetric water content

were taken in each plot with a Dynamax TH300 ‘Big Stick’ Soil

Moisture Probe (Dynamax, Houston, TX). In 2013, leaf gas ex-

change measurements were collected from June 24 through August

26 at ambient greenhouse temperatures, with leaf temperatures be-

tween 23 and 27�C.

Plants were harvested in the R6 growth stage for both years

(16 September 2011 and 30 August 2013). For both years, plants

were cut at the soil surface and dried at 60�C for 48 h. After drying,

individual plant components (i.e., seed, pod, leaf, and stem) were

hand-separated and weighed. Harvest index was calculated using

the ratio of dry seed weight to total aboveground biomass. Soybean

yield was defined as grams of dry seed weight on a square meter

basis.

Fig. 1. For the 2011 field experiment, relationship between yield and CAD for (a) open field and (b) caged study plots. Relationship between harvest index and

CAD for (c) open field and (d) caged study plots. Note y-axis scale is different between (a) and (b).

Table 1. Observed range of CAD, soybean yield, harvest index, ambient rate of photosynthesis at 400 ppm CO2 (A400), and leaf percent nitro-

gen (N) for varied experimental treatments during 2011 and 2013

Year Treatment CAD range Yield range

(g m�2)

Harvest index

range

A400 range

(mmol m�2 s�1)

Leaf percent

N range

2011 Open field plots 296–4,592 15.2–30.4 0.30–0.36 12.4–31.7 2.4–4.8

Insect cage enclosures 1,398–340,849 5.0–39.1 0.24–0.33 6.9–33.5 2.5–4.7

2013 Control plants 252–1,113 27.0–39.5 0.15–0.20 8.1–23.3 2.3–4.6

V2 aphid introduction 7,812 –20,125 27.9–34.7 0.16–0.27 9.3–27.5 3.0–4.5

R0 aphid introduction 9,537–50,222 26.5–38.0 0.15–0.25 7.0–29.7 3.0–5.1
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Leaf Nitrogen
Foliar N content was estimated using in situ/in vivo reflectance spec-

troscopy on fresh, green leaves. For all plants measured in both 2011

(n¼24) and 2013 (n¼24), leaf reflectance spectra were collected

from one upper and lower leaf selected at random using a full-range

(400–2,500 nm, reflectance estimated at 1-nm intervals) portable

spectroradiometer (ASD FieldSpec 3, Analytical Spectral Devices,

Boulder, CO). Physical measurements were acquired using a leaf-clip

consisting of a contact probe attached to a fiber optic and a calibrated

light source. Leaf reflectance from the contact probe is determined

relative to that of a 99% (white) Spectralon panel (Labsphere, Inc.,

North Sutton, NH). For each canopy position (upper and lower) leaf,

we made five spectral measurements, which were averaged to gener-

ate one single spectrum per plant representing those two canopy loca-

tions. From those spectra, we applied an existing chemometric

equation (partial least squares regression [PLSR]; Wold et al. 2001) to

estimate N concentration by dry weight as a function of reflectance in

each wavelength. Here we used wavelength-by-wavelength PLSR co-

efficients reported by Serbin et al. (2014).

Statistical Analysis
Statistical analyses were performed using the R software package

version 3.1.1 (R Development Core Team 2014). We analyzed the

effect of soybean aphid using total growing season CAD on yield

and harvest index for caged and uncaged field plots, separately, in

2011. Separate analyses were necessary because our research

showed that biophysical conditions that affect yield, such as light in-

tensity and soil moisture, varied significantly between cages and

open plots (Perillo et al. 2015), and because we did not have appro-

priate season-integrated measurements of light and moisture to use

as covariates in the analysis. We used a general linear model to fit

yield and harvest index as a function of linear and quadratic CAD

terms to allow for nonlinear relationships between variables. For

computational reasons, we centered CAD measurements before ana-

lysis. We tested the unique contributions of linear and quadratic

CAD terms using marginal F-tests.

We analyzed the effect of CAD (up until the measurement) on

2011 photosynthesis rates using combined data from caged and un-

caged field plots. We were able to conduct a combined analysis in

this instance because we had comparable measurements of two im-

portant covariates, the N content of leaves and near surface soil

moisture, that could be used to account for differences in biophys-

ical conditions between caged versus uncaged plot types when in-

stantaneous photosynthesis measurements were taken. Both leaf N

and soil moisture estimates were taken within, at most, 3 d of photo-

synthesis measurements. As above, we modeled photosynthesis

using linear and quadratic CAD terms to account for possible

nonlinearity. We log-transformed CAD before analysis so that our

estimates of CAD effects were not dominated by high (leverage)

CAD measurements from caged plots. We centered log-transformed

CAD measurements before statistical analysis for computational

reasons. During analysis, it became apparent that the relationship

between photosynthesis and leaf N was neither linear nor well-

described by polynomial terms. Thus, we modeled photosynthesis

using a generalized additive mixed-effects model, with parametric

terms for CAD and soil moisture, and a smoothed term for leaf N. A

mixed-effects model, with a random intercept per plot, was used to

account for multiple measurements per experimental plot. The im-

portance of parametric terms was assessed using t-tests, derived

from slope estimates and standard errors, where degrees of freedom

varied by term depending on its level in the mixed model. The

importance of the N term was assessed using a marginal F-test with

degrees of freedom based on the optimal flexibility of the smoother.

For 2013 greenhouse data, we used a general linear model to fit

yield and harvest index as a function of total growing season CAD

and the timing of aphid introduction. As before, we included a

squared CAD term to account for nonlinearity, centered CAD meas-

urements before analysis, and tested the importance of model terms

using marginal F-tests. We modeled 2013 photosynthetic rates as a

function of CAD (up until the measurement), CAD2, leaf N, and

aphid introduction time using a linear mixed-effects model with a

random intercept per plant to account for multiple photosynthesis

measurements per plant. As before, we centered CAD and leaf N

measurements before statistical analysis, and tested the importance

of model terms using marginal F-tests, where denominator degrees

of freedom varied by term depending on its level in the mixed model.

When hypothesis tests were used, P<0.05 was considered statistic-

ally significant, unless stated otherwise.

Results

2011 Soybean Yield and Harvest Index Versus CAD
In 2011, the range in CAD measured within insect exclusion cages

compared with open field plots was substantially different; specific-

ally, higher aphid populations were created inside cages, given the

exclusion of aphid natural enemies (e.g., lady beetles). Plants within

the open field plots experienced a limited range in CAD from a few

hundred to about 4,600 (Table 1), whereas the maximum CAD

within cages exceeded 340,000 (Table 1). We conducted separate

analyses to assess the response of yield to CAD for caged plots and

open field plots. For the field plots, we found that the yield–CAD re-

lationship was fit well by a parabola that peaked around the average

CAD and then declined (Fig. 1a; whole model R2¼0.64; linear term

F¼1.25, df¼1, 9, P¼0.2930; quadratic term F¼14.11, df¼1, 9,

P¼0.0045). This model suggested that a positive yield increase

occurred for CAD up to 2,300 CAD, with a subsequent decline for

higher CAD (Fig. 1a). For caged plots, which experienced much

higher CADs, this analysis indicated that yields declined as a func-

tion of increasing CAD, whereby average yields were reduced by ap-

proximately 60 percent when CAD was greater than 100,000

(Fig. 1b; whole model R2¼0.69; linear term F¼15.32, df¼1, 7,

P¼0.0058; quadratic term F¼5.49, df¼1, 7, P¼0.0516). While

this model showed a clear negative relationship between yield and

increasing CAD, our data potentially suggest that the impact on

yield may eventually reach a nonzero asymptote at very high CAD

(Fig. 1b). However, we caution that this is based on only one plot of

data at high CAD.

In open field plots during the 2011 experiment, there was no sig-

nificant relationship between harvest index (HI) and soybean aphids

(Fig. 1c; whole model R2¼0.07; whole model F¼0.36, df¼2, 9,

P¼0.7104). However, at the extremes of our data within the insect

cages, where CAD reached greater than 300,000 in some plots, there

was a trend toward a negative linear relationship between HI and

CAD (Fig. 1d; whole model R2¼0.53; linear term F¼7.81, df¼1,

7, P¼0.0267; quadratic term F¼0.82, df¼1, 7, P¼0.3944).

However, additional data would be necessary to confirm this trend

to larger values of CAD.

2011 Soybean Photosynthesis Versus CAD, Leaf N, and

Soil Moisture
For the 2011 field experiment, there was a clear, quadratic relation-

ship between ambient soybean photosynthesis (A400) and the log of
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CAD among all open field and caged plots (Fig. 2a; linear term

t¼3.36, df¼82, P¼0.0012; quadratic term t¼3.12, df¼82,

P¼0.0025). There was also a nonlinear effect of leaf N concentra-

tion (Fig. 2b; smooth term F¼10.09, df¼4.3, 97.7, P<0.0001)

and a clear positive linear effect of soil moisture (Fig. 2c; t¼3.41,

df¼82, P¼0.0010) on ambient photosynthesis (whole model

R2¼0.39). After accounting for CAD, surface soil moisture, and

leaf N concentration differences across all plots and measurement

days, ambient rates of photosynthesis were not different between

open field and caged plants (t¼0.00, df¼18, P¼0.9986). Leaf N

values in 2011 decreased from approximately 4.4 percent at the R3

stage to 3.0 percent at the R6 stage (Fig. 3). Across all observations,

there was no significant difference between leaf percent N values in

open field (3.43 percent) and cage (3.47 percent) plots (F¼0.07,

df¼1, 93, P¼0.7953). There was a significant difference between

leaf percent N values in lower canopy (2.94 percent) and upper

(3.60 percent) canopy positions (F¼18.69, df¼1, 93, P<0.0001).

When accounting for the effects of CAD and leaf N, photosynthesis

was approximately 50 percent higher at field capacity (33 percent

volumetric water content) than near the permanent wilting point

(13 percent; Fig. 2c).

2013 Soybean Yields and HI Versus CAD and Time of

Introduction of Aphids
In the 2013 greenhouse experiment, CAD ranged from near 0 (con-

trol plots) to 50,222 (Table 1), but there was no clear relationship

between yield and CAD (Fig. 4a; F¼2.03, df¼1, 20, P¼0.1700),

and the timing of aphid introduction (at stages V2 vs. R0) also did

not have a strong effect on yields (F¼1.99, df¼1, 20, P¼0.1737).

However, we did find evidence for a possible weak parabolic rela-

tionship between HI and CAD (Fig. 4b; CAD F¼3.08, df¼1, 20,

P¼0.0946, CAD2 F¼4.66, df¼1, 20, P¼0.0431). Moreover, the

timing of aphid introduction did not have a significant effect on HI

differences among plots that had aphids introduced either at the V2

or the R0 development stage (F¼3.11, df¼1, 20, P¼0.0930).

2013 Soybean Photosynthesis Versus CAD, Leaf N, and

Timing of Aphid Introduction
In the 2013 greenhouse experiment, A400 rates strongly increased

during the experiment as independent linear functions of CAD

(Fig. 4c; F¼13.86, df¼1, 59, P¼0.0004) and leaf N (Fig. 4d;

F¼23.23, df¼1, 59, P<0.0001). In contrast, the timing of aphid

introduction did not have a significant effect on rates of ambient

photosynthesis (F¼0.99, df¼1, 25, P¼0.3285). In 2013, leaf N

was approximately 3.2-3.5 percent during V5 through R2 stages,

and increased thereafter to 4.1 percent at development stage R5,

and then slightly decreased to 3.9 percent by stage R6 (Fig. 3).

Across all observations, there was no significant difference between

leaf percent N values in plants that had aphids introduced at the V2

stage (3.56 percent) and R0 stage (3.62 percent; F¼2.55, df¼1,

Fig. 2. For the 2011 field experiment, the relationship between photosynthesis

(mmol CO2 m�2 s�1) at 2,000mmol quanta m�2 s�1 and 400 ppm CO2 (A400)

and (a) CAD (note log scale on x-axis), (b) leaf nitrogen (percent), and (c) volu-

metric soil moisture, expressed as a percentage. Light-shaded data points are

from open field plots and darker shaded points are from plots with insect

cages. In each panel, photosynthesis is adjusted for the partial effects of the

two other variables.

Fig. 3. Leaf nitrogen percentage versus soybean developmental stage for the

field experiment in 2011 that consisted of open field plots (2011, O) and caged

plots (2011, C), and for the 2013 greenhouse experiment that had aphids

introduced during the vegetative (2013, V) and reproductive (2013, R) stages.

Error bars denote þ/� one standard deviation. Data points were intentionally

offset along the x-axis using jittering to minimize overplotting.
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1129, P¼0.1104). There was a significant difference between leaf

percent N values in lower canopy (3.46 percent) and upper canopy

(3.71 percent) positions (F¼52.57, df¼1, 1129, P<0.0001).

Discussion

Soybean Yield in Natural Experiment Showed

Compensatory Response at Low CAD, but 60 percent

Yield Loss at High CAD
Our field study suggested that low CAD might induce compensatory

growth in soybean, which was also found in a recent study by Liere

et al. (2015) for soybeans grown in Wisconsin and Michigan.

Compensatory growth at low aphid pressure has been sparingly

documented in the literature, likely because research has focused on

much higher aphid populations, which pose significant risk to plants

and economic yield (Ragsdale et al. 2007). A study measuring the ef-

fects of soybean aphid on plant growth and seed composition found

some evidence of compensatory responses in plants infested with

600 aphids for 10 d (6,000 CAD) at either the V1 or V3 stage

(Riedell and Catangui 2006). These infested plants had greater stem

length and seed weight compared with aphid-free control plants

(Riedell and Catangui 2006). However, aphid infested plants in that

study were grown in a low blue light environment that might cause

stem elongation in soybean (Wheeler et al. 1991, Riedell and

Catangui 2006). Previous work also suggests a linear relationship

exists between CAD and yield (Ragsdale et al. 2007) rather than the

nonlinear (parabolic) response that we observed; however, an ana-

lysis of potential curvilinear patterns in yield response (e.g., Fig. 2

Ragsdale et al. 2007) may be warranted. Aphid populations in our

open field plots never reached high levels, which was probably a

consequence of natural predator populations (Rutledge et al. 2004,

Costamagna and Landis 2006, Desneux et al. 2006, Donaldson

et al. 2007, Costamagna et al. 2008) and not due to inherent aphid

resistance. This is supported by our cage results, where the same soy-

bean variety was planted and aphid populations grew well above the

economic threshold (Table 1).

At high CAD, yield was significantly lower than control (no

aphid) plants also grown in cages. Previous research suggested �7

percent reduction in yield for each 10,000 CAD (Ragsdale et al.

2007). In comparison, we observed an approximate 60 percent de-

cline in yields at 100,000 CAD, which, on average, would be about

the same yield loss predicted by the Ragsdale et al. (2007) assess-

ment. Plants with high aphid populations showed some visible

symptoms of soybean aphid stress (stunted growth and sooty mold

development) in addition to reduced yields. Compensatory growth

and tolerance were not observed in the cages, likely because CAD in

noncontrol plots ranged from 100,000 to 341,000, well above the

economic threshold (10,000 CAD) where yield reductions are typic-

ally expected (Ragsdale et al. 2007, Beckendorf et al. 2008). We

also reiterate that a confounding factor could be the fear of preda-

tors, whereby some plots may have experienced different per-aphid

impacts on the plants.

During the 2011 field experiment, the quadratic relationship be-

tween photosynthesis (A400) and log of CAD (Fig. 2a) followed the

approximate yield response (Fig. 1a,b). The reduction in photosyn-

thesis with high aphid pressure was expected, given previous re-

search for both wheat and soybean aphids (Peterson and Higley

1993; Haile et al. 1999; Macedo et al. 2003, 2009; Diaz-Montano

et al. 2007; Pierson et al. 2011). Aphids withdraw sap, which con-

tributes to a reduction in normal phloem transport and reduces

photosynthate and N transport (Peterson and Higley 1993, Pierson

et al. 2011). Honeydew formation can also physically block stoma-

tal openings, reducing conductance of water vapor out of the leaf

and CO2 uptake into the leaf (Peterson and Higley 1993, Pierson

et al. 2011). Other researchers have suggested that reductions in

chlorophyll content and leaf area can lead to a reduction in

Fig. 4. For the 2013 greenhouse experiment, relationships between CAD and (A) yield and (B) harvest index, and the partial relationships between (C) CAD and

(D) leaf nitrogen (percent) and photosynthesis (mmol CO2 m�2 s�1). Light shaded data points are from plants that had aphids introduced at the V2 stage, and

darker shaded points are from plants with aphids introduced at the R0 stage. In C and D, photosynthesis is adjusted for the partial effects of the other variable.
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photosynthetic efficiency (Riedell 1989, Miller et al. 1994, Diaz-

Montano et al. 2007, Pierson et al. 2011). However, the compensa-

tory yield response that was observed at low CADs (around 2,300)

during 2011 was supported by photosynthetic rates that were

slightly higher than the control plants. These data support a poten-

tial “overcompensation” response that is also associated with

increased yields (Tiffin 2000, Poveda et al. 2010).

We also observed a rapid decrease in leaf N over the 2011 meas-

urement period (Fig. 3), together with a threshold effect of leaf N on

photosynthesis of around 3.5 percent (Fig. 2b). A decline in leaf N

during the late reproductive stages (R5–R6) has been previously re-

ported for soybean, as N is translocated from the leaves to the seeds

(Boote et al. 1978, Lugg and Sinclair 1981, Boonlong et al. 1983)

and as an overall decline in N2 fixation activity occurs (Salvagiotti

et al. 2008). The positive, strong response of leaf photosynthesis to

increasing leaf N per unit area has been well-documented for soy-

bean as well as other agricultural cropping systems (Sinclair and

Horie 1989, Lawlor 2002, Sinclair 2004, Salvagiotti et al. 2008).

Controlled Greenhouse Study Showed no Yield Loss

With Moderate to High CAD and Nonstressful Growing

Conditions
Our greenhouse experiment indicated that soybean aphid pressure

well above the economic threshold (up to �50,000 CAD) did not

cause a reduction in soybean yield. This result was surprising given

previous results, whereby about a 35 percent reduction in yield for

this CAD level would have been expected (Ragsdale et al. 2007).

Even though aphids covered stems, upper and lower canopy leaves,

and petioles, leaving them sticky with honeydew by the end of the

experiment, the leaves remained asymptomatic and the infested

plants showed no signs of stunted growth compared with control

plants. While this was in contrast to the 2011 caged results, the

range of CAD in the greenhouse was much lower than the 2011

cage study, which likely contributed to the difference in plant visual

appearances.

Comparing the response of yield with the timing of aphid intro-

duction in 2013, we found that yield was not affected differently as

a function of when aphids were introduced on plants. These findings

are in contrast with other previously documented effects (Riedell

and Catangui 2006, Beckendorf et al. 2008), and suggest that soy-

bean aphid introduction during the early vegetative stages may sim-

ply lead to greater accumulation of CAD, which more directly

controls the observed decline in yield.

In the 2013 greenhouse experiment, we observed a positive effect

of soybean aphid pressure on A400 rates (Fig. 4c), even when CAD

was well over the economic threshold of 10,000. The majority of

previous work has shown reductions in photosynthetic rates for a

range of soybean aphid pressure (Pierson et al. 2011), and some re-

ductions in photosynthesis are reported as much as 50 percent for

populations of just 20 aphids leaflet-1 (Macedo et al. 2003).

Moreover, previous work suggests that for CADs in the range we

measured in 2013, a decline in mean photosynthesis is more likely to

be observed than an increase (Haile et al. 1999; Macedo et al. 2003,

2009; Diaz-Montano et al. 2007; Pierson et al. 2011).

We concluded that the absence of an expected decline in leaf N

in the 2013 greenhouse study during late development stages (R4-

R6) supported a positive, linear response with increasing CAD.

Continuous use of Hoagland’s solution to irrigate and fertilize

plants with N were factors that likely allowed increasing A400 rates

as a function of CAD (Fig. 4c). This use of fertilized water likely

supplied enough N for the development of seeds without as large a

reduction in leaf N as was observed in the 2011 field experiments;

this also would have supported consistency or increases in A400 rates

as the plants progressed through the reproductive stages, allowing

them to be more tolerant of the detrimental effects of increased

aphid feeding (Sinclair and Horie 1989, Sinclair 2004). However,

we also emphasize that the CAD effect was positive throughout the

range of aphids imposed in 2013, independent of leaf N content

(Fig. 4c).

Possible Pathways for Compensatory Growth and

Tolerance
In the study of plant–herbivore ecology, there has been a continual

debate on whether plant tolerance to insect or other herbivore dam-

age is controlled by the availability of key resources (Trumble et al.

1993; Wise and Abrahamson 2005, 2007). There are several pos-

sible explanations for the compensatory growth—and actually, po-

tential overcompensation—that we observed in the field in 2011 and

for the soybean aphid tolerance observed in the greenhouse in 2013.

In the 2011 field experiment, aphid feeding potentially stimulated

plants and caused increased photosynthesis and yield at lower aphid

populations. This occurred at a time of moderate drought condi-

tions, when during 3 of the 5 wk that photosynthesis data were col-

lected, surface soil moisture was below the permanent wilting point

(Perillo et al. 2015). It has also been suggested that plant hormones,

jasmonic acid and ethylene, might play a role in compensatory

growth signaling in response to aphid-induced stress (Yang and

Hoffman 1984, Creelman et al. 1992, Kessler and Baldwin 2002,

Riedell and Catangui 2006, Goggin 2007).

In the greenhouse, plants were able to tolerate a higher popula-

tion of aphids than what we likely would have seen in the field

study, given an abundance of N available for uptake. Environmental

conditions in the greenhouse also played a role in soybean plant tol-

erance to increased aphid feeding; because air temperature was regu-

lated inside of the greenhouse, no temperature extremes over long

periods were experienced, and irrigation prevented plant water

stress, as was the case in the 2011 field experiment. While tolerance

to soybean aphids has not been well-documented in lines that do not

possess Rag1 and Rag2 genes in the soybean germplasm (Mian et al.

2008, Kim and Diers 2009), it was noted many decades ago that

soybean can be tolerant to some amount of herbivory (Begum and

Eden 1965, Thomas et al. 1974). Tolerance to defoliation is mani-

fested through delayed reproductive stages and increased light inter-

ception and rates of photosynthesis (Haile et al. 1999). Resistance to

defoliation was dependent on other environmental factors such as

soil moisture and light interception. As well, tolerance to cotton

aphid (Aphis gossypii Glover) and compensatory growth have been

documented in pre-production cotton (Rosenheim et al. 1997).

In this study, we cannot definitively answer why increased aphid

pressure above the economic threshold of 50,000 CAD in green-

house conditions did not universally adversely affect A400 rates and

yield. Soybean aphid populations have been shown to vary with

plant N (Nowak and Komor 2010; Riedell et al. 2013a,b) and with

plant responses that affect amino acid concentrations (Myers and

Gratton 2006, Walter and DiFonzo 2007). A trend toward higher

percent leaf N in late growth stages in greenhouse plants may have

decreased the amount of time of aphid feeding and sap extraction

while simultaneously supporting an increase in photosynthesis.

Soybean aphids are N-limited (Walter and DiFonzo 2007), and

increased N in the leaves may have supported a higher aphid popula-

tion with reduced impacts on yields than what has been previously

determined in field conditions for soybean experiencing typical
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nutrient management regimens. Further research will be needed to

understand why we saw a positive effect of CAD on A400 rates, and

to quantify at what level of aphid pressure is A400 reduced over a

wider variety of environmental conditions, including soil nutrient

levels.

In summary, our results suggested that, given widely varying

growing conditions, soybean plants could tolerate low to intermedi-

ate populations of soybean aphids with no reduction in yield, much

higher than has been previously documented. This research suggests

that current economic thresholds for soybean aphid, although they

may be appropriate on average, could be refined based on the con-

text of specific growing environments. In a field experiment where

soybeans experienced a moderately dry period during the reproduct-

ive stage, with surface soil moisture at or below permanent wilting

point for 3 of 5 wk in August and early September of 2011, soybean

plants were still able to tolerate and even increase performance for a

low level of aphid pressure (the response peaked at approximately

2,300 CAD, corresponding to �50 aphids/plant at peak). In our fol-

low-up 2013 greenhouse study, we observed no adverse impact on

A400 rates or yields at moderate to high CAD (�8,000 to 50,000),

when previous research suggested that yields should have declined

by up to 35 percent and should have been accompanied by a corres-

ponding decrease in photosynthesis.

While it is unclear as to the exact mechanism by which plant

compensation, or overcompensation, took place in 2011 to increase

yields relative to control plots, plants in the greenhouse experiment

most likely benefitted from continual delivery of N fertilizer in solu-

tion. This suggests that increased N availability to soybean for up-

take could be a mechanism to help tolerate feeding damage caused

by the soybean aphid. This is reasonable given the known relation-

ships between photosynthesis and N, and the fact that soybean

aphids require N. While it is confidently stated in the scientific lit-

erature that there is a consistent and positive relationship between

photosynthesis and leaf N content per leaf area, it is less certain that

increases in N fertilizer lead to increased yields (Salvagiotti et al.

2008). For soybean, this is because an excess of soil N available to

plants can inhibit nodule formation, thereby reducing capacity to fix

N. This information, and results of our greenhouse experiment may

suggest that an economic threshold for soybean aphid management

may be a moving target that varies as a function of fertilizer manage-

ment, nodule development, and N mineralization in soils, given that

studies of the plant–herbivore relationship show that key resources,

and their availability, exert a strong control on the actual tolerance

of plants (Wise and Abrahamson 2007). A key question posed by

Salvagiotti et al. (2008) is whether additional fertilizer N can help

combat N limitations to soybean growth—without compromising

or suppressing the development of nodules and capacity for N2 fix-

ation. As well, if more N fertilizer is deemed necessary to optimize

yields, is it economically viable to use? And, could a similar question

be posed in the context of mitigating aphid impacts on yield? That

is, could increased amounts of fertilizer added, or more fertile soils,

have an advantage in helping soybean plants tolerate soybean aphid

pressure that is well above the currently published threshold (10,000

CAD) where yield loss is assumed to occur? Given the close connec-

tion between soybean aphids, plant N uptake, yield potential, and

photosynthetic capacity, we suggest that future research focus on

understanding the relationship between the soybean N cycle, man-

agement regimens for pest control and soil health, and soil and en-

vironmental conditions that influence the economic threshold at

which aphid damage begins to impact soybean profitability.
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